In Streptomyces sp. 3022a, anthranilate synthetase is composed of two nonidentical subunits. The major subunit (molecular weight, 72,000) converts chorismic acid to anthranilic acid, using ammonia as the source of the amino group. The smaller subunit (molecular weight, 28,000 to 29,000) confers on the enzyme the ability to use glutamine instead of ammonia as a substrate. In this study, reactivity with glutamine reached its maximum at pH 7.2 to 7.6, whereas that with ammonia increased linearly through pH 9.0 without reaching a maximum. Activity was increased and stabilized by adding glutamine and magnesium chloride to the buffer system. Both activities of the enzyme were inhibited by anthranilic acid and by tryptophan. Synthesis was repressed by histidine, anthranilic acid, tryptophan, and p-aminobenzoic acid. When activity was repressed by anthranilic acid and by tryptophan, there was a concomitant increase in the activity of arylamine synthetase, an enzyme involved in chloramphenicol production. Stimulating arylamine synthetase, however, did not increase antibiotic synthesis.
In the pathway for biosynthesis of aromatic amino acids, anthranilate synthetase is the branch-point enzyme that directs intermediates specifically to tryptophan by catalyzing the conversion of chorismic acid to anthranilic acid. It can use either glutamine or ammonia to supply the amino group, and an examination of the enzyme from several organisms has shown that, except in Euglena gracilis (9) , it invariably consists of two nonidentical proteins (24) . The smaller of these (anthranilate synthetase component II, AS II) cleaves the amido group from glutamine and can only function in the presence of the larger protein component (anthranilate synthetase component I, AS I), which uses ammonia as a substrate. AS II isolated from different organisms has been found to have additional tryptophan pathway activities associated with it, and anthranilate synthetases have been classified on the basis of such associated properties (24) . Synthesis of the enzyme is repressed by tryptophan in Escherichia coli (3, 22) and by tryptophan and histidine in Bacillus subtilis (13, 14) . Kane and Jensen (14) have referred to the cross-pathway regulation by histidine observed in the latter organism as metabolic interlock.
Streptomyces sp. 3022a produces the phenylpropanoid antibiotic chloramphenicol via the shikimic acid pathway. The known to be a precursor is p-aminophenylalanine (17) . An enzyme system (arylamine synthetase) capable of catalyzing the conversion of chorismic acid to this product is present in the organism (10, 11) . Its substrates (chorismic acid and glutamine) and reactivities of aminating and aromaticizing the chorismic acid molecule are similar to those of anthranilate synthetase. Since the former activity is difficult to purify (11), we have examined the properties of both enzymes in Streptomyces sp. 3022a to obtain information about the role of each in relation to the other, in the expectation that experience gained with anthranilate synthetase will aid in the study of arylamine synthetase. The characterization and partial purification of the anthranilate synthetase complex and, in particular, of AS II are reported in this paper. Also investigated are the regulation of the enzyme and its relationship to arylamine synthetase and chloramphenicol production.
MATERIALS AND METHODS Microorganisms. The strain of Streptomyces sp.
3022a used in this study produces a high titer of chloramphenicol under specified conditions (18) . Chemicals. Chorismic acid was prepared by the method of Gibson (8) . All other chemicals were of the highest commercial grade available.
Media. GNY medium, which supported rapid growth of Streptomyces sp. 3022a (18) , was used to grow the vegetative inoculum. It contained (per liter): glycerol, 20 ml; nutrient broth, 8.0 g; yeast extract, 3.0 g; and dipotassium hydrogen phosphate, 5.0 g. Supplemented with 3% agar, it was also used as a maintenance medium for the organism. A defined (GSL) medium, which supported high levels of chloramphenicol production, contained (per liter): glycerol, 10 ml; DL-serine, 3.0 g; sodium lactate (60%), 28 ml; sodium chloride, 6.0 g; potassium dihydrogen phosphate, 1.4 g; dipotassium hydrogen phosphate, 1.98 g; magnesium sulfate heptahydrate, 0.5 g; copper sulfate pentahydrate, 6.4 mg; manganese sulfate tetrahydrate, 7.9 mg; and zinc sulfate heptahydrate, 11.5 mg.
Growth and preparation ofextracts. Spores and aerial mycelium were scraped from the surface of a GNY agar slant, transferred to 100 ml of GNY medium in a 500-ml Erlenmeyer flask, and incubated for 16 h at 300C on a shaker platform rotating at 220 rpm (eccentricity, 3.8 cm). The culture then served as a vegetative inoculum for chloramphenicol-producing cultures; a 1-ml portion was added to each 100 ml of GSL medium in a 500-ml Erlenmeyer flask. Such cultures were grown for 72 h under the same conditions used to produce vegetative inoculum, after which cells were harvested by centrifugation. They were washed twice in 20 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloric acid buffer (pH 7.6) containing 30% glycerol and 1.0 mM dithiothreitol (TGD buffer) and stored at -20°C. In some experiments, TGD buffer was supplemented with 10 mM magnesium chloride and 20 mM glutamine (TGDMG buffer).
In repression studies, cultures were grown in GSL medium for 48 h and repressor compounds were then added to give a 50-mg/liter concentration. Cultures were harvested by centrifugation 6 or 12 h later.
To prepare cell extracts, 5 g of frozen cells was suspended in 25 ml of the appropriate buffer and exposed to two 30-s bursts of ultrasound at maximum intensity from a sonic probe (Biosonik III; Bronwell Scientific, Rochester, N.Y). The broken-cell suspension was centrifuged at 30,000 x g for 30 min, and the supernatant was used as the cell extract. All operations were carried out at 0 to 50C.
Enzyme assays. The reaction mixture for the AS I-AS II complex contained 1 ,umol of chorismic acid, 20 j&mol of L-glutamine, 4 ,mol of magnesium chloride, and 10 pmol of Tris-hydrochloric acid buffer (pH 7.2) in a final volume of 0.5 ml. The reaction was started by adding 0.5 ml of enzyme. The assay mixture for AS I was similar except that the Tris-hydrochloric acid buffer was at pH 8.5 , and the glutamine was replaced by 6 pmol of ammonium sulfate. AS II separated from the complex was detected by adding 0.08 U of the partially resolved AS I to the reaction mixture and assaying for activity of the complex.
Reaction mixtures were incubated at 30°C for 30 min, and the reaction was stopped by adding 0.2 ml of 10% (wt/vol) aqueous trichloroacetic acid. After centrifugation to remove precipitated protein, 0.5 ml of the supemnatant was assayed for anthranilic acid by a modification of the Bratton-Marshall technique (11) . The colored product was extracted into 1.5 ml of ethyl acetate, and the absorbance at 550 nm was compared with that given by known concentrations of anthranilic acid treated similarly. The reaction mixture for arylamine synthetase contained 40 umol of Tris-hydrochloric acid buffer (pH 8.5), 20 ,mol of magnesium chloride, 40 umol of L-glutamine, 5 ,imol of nicotinamide adenine dinucleotide, and 2.5 ,umol of chorismic acid, all in a final volume of 0.5 ml. The reaction, started by adding 0.5 ml of enzyme, was maintained ac 30°C for 45 min and stopped by adding 0.2 ml of 10% (wt/vol) trichloroacetic acid. The precipitated protein was removed by centrifugation, and the supernatant was extracted with 2 ml of ethyl acetate. A portion (0.5 ml) of the aqueous layer was added to 0.1 ml of 2 N hydrochloric acid and then assayed for arylamine by diazotization (11) . Authenticp-aminophenylalanine was used as a standard. For both anthranilate and arylamine synthetase activities, 1 U of enzyme was defined as the amount necessary to produce 1 nmol of product per min of incubation at 300C.
Phosphoribosyltransferase activity was assayed as described (6) by following the disappearance of anthranilate spectrofluorometrically (excitation, 325 nm; emission, 400 nm) with a Spectrofluorometer (model 430; G. K. Turner Associates, Palo Alto, Calif.).
Analyses. Protein was measured by a modification (7) of the procedure of Lowry and co-workers (16) . Although glycerol gives a postive reaction in the Lowry protein assay (26) , appropriate blanks were included to correct for this; normally, there was good correlation between the protein content of a cell extract measured by the modified Lowry procedure and that measured by its absorbance at 280 nm. However, in the later stages of enzyme purification, when the protein content was small, high blank values due to 30% glycerol concentration in the buffer solutions introduced errors. Chloramphenicol in cultures was measured by diazotization after reducing the nitro group with stannous chloride (2). RNA was measured by the method used by Lowe and Westlake (15) , with yeast RNA as the standard.
Disc gel electrophoresis was performed by the method of Davis (5) with 7% polyacrylamide in the running gel and 2.5% in the spacer gel. The buffer contained 5 mM Tris and 38.5 mM glycine (pH 8.3), and the current was 2 mA per tube at 110 V. Where indicated, buffer and gels were supplemented with 10 mM magnesium chloride and 20 mM glutamine.
Molecular weight estimations. Sephadex G-200 and G-100 columns (2.5 by 45 cm) were equilibrated with TGD or TGDMG buffer. Flow rates were adjusted to 8 ml/h, and 4-ml fractions were collected. These columns were standardized with catalase, lactate dehydrogenase, alkaline phosphatase, peroxidase, and a-chymotrypsin; in standar izing the Sephadex G-100 column, we replaced catalase with cytochrome C.
RESULTS
Anthranilate synthetase activity in crude extracts. In crude cell extracts prepared in TGD buffer, anthranilate synthetase activity was stable for several weeks when stored at -20°C. However, it lost 90% of its activity within a week when stored at 40C, and heating at 600C for 5 min caused an 81 to 87% loss. Dilution of a celi extract on passage through a diethylaminoethyl (DEAE)-cellulose column led to a decrease VOiL. 134, 1978 in activity of the complex that was reversed when the eluted enzyme was concentrated by ultrafiltration. The decrease in activity was prevented when the column buffer was supplemented with glutamine and magnesium chloride. Adding glutamine and magnesium chloride to the buffer systems obviously prevented dissociation of the complex, and dialysis of crude extracts prepared in TGD buffer against the supplemented buffer led to an increase in activity (Table 1) . Use of the TGDMG buffer system stabilized the enzyme and, in particular, prolonged the activity of the complex. Chorismate and either glutamine or ammonia were essential components of the assay mixture. In Tris-hydrochloric acid buffer, the pH optimum for the AS I-AS II complex was pH 7.2 to 7.6, but in this buffer AS I did not reach a maximum, even at pH 9.0, the highest value examined. Phosphate or f,f,-dimethylglutaric acid-sodium hydroxide buffers inhibited both activities.
Enzyme activities throughout the culture cycle. During growth of the culture on glycerolsodium lactate medium, both AS I activity and that of the complex reached a maximum at 96 h and slowly declined (Fig. 1) . Arylamine synthetase activity increased rapidly to a maximum at 64 h and as quickly declined until it was virtually undetectable. Chloramphenicol production reached a maximum 8 h after peak arylamine synthetase activity; by this time, the latter had fallen to a low level. The amount of chloramphenicol in the culture supernatant declined slowly after attaining its maximum level. All these events occurred before maximum growth, as measured by RNA (ii) Repression. The addition of histidie, tryptophan, anthranilic acid, and p-aminobenzoic acid to cultures of Streptomyces sp. 3022a caused a decrease in the specific activity of anthranilate synthetase; the extent of the decrease depended on how long after the addition the enzyme was assayed. Cultures supplemented after they had been growing for 48 h and harvested 6 h later showed reduced activity with tryptophan, anthraniic acid, and p-aminobenzoic acid and a marginally increased activity with histidine, but 12 h later the cultures that received histidine also showed a decrease, and those that received anthranilic acid and p-aminobenzoic acid showed a further decrease. In cultures harvested at 60 h, the histidine supplement caused a drop in specific activity of arylamine synthetase and a slight decrease in chloramphenicol production. p-Aminobenzoic acid, which decreased arylamine synthetase activity to a lesser degree, completely suppressed antibiotic synthesis. Tryptophan and anthranilic acid, although increasing the specific activity of arylamine synthetase, decreased and totally suppressed the production of chloramphenicol, respectively (Table 3) . DISCUSSION Anthranilate synthetase from Streptomyces sp. 3022a is composed of nonidentical subunits and appears to exhibit the structure-function relationship previously found in several microbial species: AS I (the large subunit) catalyzes an ammonia-dependent reaction; AS II (the small subunit) binds glutamine and transfers the amido group to AS I. The extracted enzyme is highly labile, but glycerol, glutamine, and magnesium chloride added to buffer solutions helped to preserve activity. It has been suggested that glycerol exerts this effect by strengthening hydrophobic interactions between the subunits of the molecule (23) . When enzyme solutions are diluted, glutamine and magnesium chloride prevent dissociation of the enzyme complex from Streptomyces sp. 3022a, as does glutamine with the enzyme from B. subtilis and Clostridium butyricum (1, 13) . It has been suggested that glutamine binds to the enzyme complex, keeping it in the configuration required to hold the components together and stabilize AS I (13). Magnesium chloride may act in a similar manner, since Queener and co-workers (20) reported that it was as effective as glutamine in preventing disociation of Pseudomonas putida anthranilate synthetase during passage through a BioGel P-150 column.
Anthranilate synthetase from Streptomyces sp. 3022a proved difficult to purify. This may be in part because this organism has a complement of related enzymes involved in producing sec- ondary metabolic products via the shikimic acid pathway. Dissociation of the complex into subunits may be responsible, at least in part, for the multiple banding obtained in disc gel electrophoresis, since the number of bands was reduced by adding glutamine and magnesium chloride to the buffer and gels. Ammonium sulfate precipitation and gel filtration in the absence of these compounds led to dissociation of the complex and loss of AS II; this explains why the partially purified enzyme consisted mostly of AS I activity. This is in contrast to the enzyme from Serratia marcescens, which is unaffected under these conditions and is only dissociated by treatment with sodium dodecyl sulfate (21) .
The specific activity was highest after the gel filtration step; the subsequent apparent decrease is attributed to enzyme instability and to the inaccuracy of measurements of low protein concentrations in solutions with 30% glycerol. Although the protein content of the final preparation was 3.32 mg/ml by the modified Lowry procedure, the absorbance at 280 nm was only 0.13 (i.e., about 1 pg/ml), and no distinct boundary was observed in a sedimentation velocity experiment with a schlierin optical system. Therefore, the specific activity during the final purification steps was not recorded. The activity of the partially purified enzyme declined during storage at -20°C, and a similar loss of activity has been observed with purified anthranilate synthetase from S. marcescens (25) .
AS I has an estimated molecular weight of 72,000 and, with one unit of AS II (estimated molecular weight, 28,000), accounts entirely for the complex, whose molecular weight was estimated to be close to 100,000. By the Zalkin classification of anthranilate synthetases on the basis of associated activity in AS I (24), the enzyme from Streptomyces sp. 3022a should be of type I. It is not of type II, because the second enzyme of the tryptophan pathway, anthranilate-phosphoribosylpyrophosphate phosphoribosyltransferase, eluted separately from the complex during chromatography on DEAE-cellulose, and no such activity was found with dissociated AS I. It is unlikely to be a type m enzyme, because the molecular weights of the complex and AS II are too low to accommodate indole-3-glycerol phosphate synthetase.
Only tryptophan and anthranilic acid inhibited the anthranilate synthetase activity of Streptomyces sp. 3022a. End-product inhibition by tryptophan is a common characteristic of this enzyme (24) and has been noted previously in this organism (15) ; product inhibition has been observed with the enzyme from Salmonella typhimurium (4) . These two mechanisms provide a means whereby the cell can control activity of the enzyme to ensure that the intermediates do do not accumulate but are channeled directly to end products. Of the compounds tested as potential effectors for repression of anthranilate synthetase, tryptophan was the most effective.
The decrease of 36% in the specific activity of the enzyme was comparable to that observed by Jones and Westlake (11) .
Anthranilate synthetase from Streptomyces sp. 3022a exhibits dissociation that can be reversed by glutamine and magnesium chloride. The enzyme, however, does not appear to be repressed by the dissociation mechanism postulated by Kane and co-workers (13) to control anthranilate synthetase activity in B. subtilis. These workers found low activity of the complex from repressed cultures prepared in the absence of glutamine but obtained a twofold increase in AS I or AS II activity when an excess of the complementary activity was added to the assay mixture. Hence, under repression conditions, the enzyme is diluted, and activity of the complex is decreased. Since glutamine and magnesium chloride prevent dissociation of the complex in Streptomyces sp. 3022a, if repression of enzyme synthesis results in dissociation, activity of the complex should increase when these two ligands are added to the buffer. However, the relative amount of repression did not change greatly whether the enzyme was prepared in the presence or absence of glutamine or magnesium chloride.
The reduced specific activity of anthranilate synthetase when histidine was added to cultures suggests that Streptomyces sp. 3022a has a metabolic interlock that coordinates the flow of intermediates in different pathways (12, 14) . Kane and Jensen (14) have proposed that cross-regulation by histidine in B. subtilis is mediated through tryptophan. Both histidine and anthranilic acid stimulate tryptophan production, which leads to repression of all enzymes of the pathway. However, this is probably not the mechanism in Streptomyces sp. 3022a, since a tryptophan auxotroph blocked after anthranilate synthetase is still repressible by histidine (manuscript in preparation). It is possible that there is an aporepressor with distinct binding sites for anthranilic acid, histidine, tryptophan and p-aminobenzoic acid, similnr to the aporepressor with distinct binding sites for histidine and tyrosine postulated by Nester and co-workers (19) to control the histidine and tyrosine pathways in B. subtilis.
Of the culture supplements that affected anthranilate synthetase activity in Streptomyces sp. 3022a, tryptophan caused only a marginal increase in the specific activity of arylamine synthetase, but anthranilic acid raised it by 57%. Because arylamine synthetase also reached its maximum before anthranilate synthetase and because the addition of chloramphenicol to cultures depresses arylamine synthetase but increases that of anthranilate synthetase (11) , some channeling ofchorismic acid between these two branch-point enzymes probably occurs. However, an increase in arylamine synthetase activity was not invariably linked with an increase in chloramphenicol production under the conditions tested. An explanation for this may be the sensitivity of arylamine synthetase to inhibition by its product, p-aminophenylalanine (10) . The addition of this pathway intermediate to cultures can, in fact, depress chloramphenicol production (11) .
